Introduction
============

Chronic heart failure (HF) is a progressive disease resulting in severe morbidity and mortality.[@b1-ccrpm-7-2013-035],[@b2-ccrpm-7-2013-035] Although cardiac dysfunction is clearly an initiating process, HF becomes a systemic illness that impacts multiple organ systems.[@b3-ccrpm-7-2013-035]--[@b5-ccrpm-7-2013-035] One such system is the pulmonary system, which lies in series with the heart, accepts nearly all of the cardiac output, is exposed to similar intrathoracic pressure changes, and shares a closed anatomical space. Thus, it would be expected that adverse changes the cardiac system may have consequences on the pulmonary system. Correspondingly, it could be hypothesized that these known changes in pulmonary function may provide insight to HF patient clinical status.

It has been previously determined that patients with HF develop mild to moderate changes in the pulmonary system including restrictive and obstructive changes, alveolar-capillary diffusion abnormalities, tachypneic breathing pattern, and ventilation/perfusion inhomogeneities (V̇~A~/Q̇c).[@b6-ccrpm-7-2013-035]--[@b9-ccrpm-7-2013-035] The etiology for these changes in lung function have traditionally been linked to respiratory muscle weakness, chronic pulmonary hypertension with pulmonary vasculature remodeling, changes in lung fluid balance, altered receptor function, and progressive cardiac enlargement within a closed thoracic cavity leading to pulmonary displacement.[@b10-ccrpm-7-2013-035]--[@b14-ccrpm-7-2013-035] Importantly, many HF patients present with additional comorbid diseases such as diabetes and chronic obstructive disease, which influence pulmonary function.[@b15-ccrpm-7-2013-035],[@b16-ccrpm-7-2013-035] For example, Iversen and colleagues demonstrated, in a cohort of HF patients admitted to the hospital for acute decompensation, that simple spirometry provides useful prognostic information for all-cause mortality.[@b15-ccrpm-7-2013-035] The authors demonstrated that the measure of forced expiratory volume in 1 second (FEV~1~) was predictive of survival in these patients. However, the study by Iversen also included patients with self-reported and medically diagnosed chronic obstructive pulmonary disease (COPD), which was also demonstrated to be prognostic of survival.[@b15-ccrpm-7-2013-035]

This study examined the utility of resting measures of pulmonary function in predicting all-cause mortality in a homogenous cohort of patients with stable HF who did not present with other comorbidities. We hypothesized that the commonly measured indices of pulmonary function would have significant prognostic value in these patients.

Methods
=======

Population characteristics
--------------------------

This study recruited a total of 134 patients with compensated HF recruited from the Mayo Clinic Heart Failure Service and the Cardiovascular Health Clinic (a preventive and rehabilitative center, Rochester, MN). Participants were prospectively recruited in the years from 1999 through 2005 and followed until December 31, 2005 if seen at the Mayo Clinic. Participants were included in this cohort if they met our inclusion criteria. Inclusion criteria included all of the following: a history of ischemic or dilated cardiomyopathy, stable HF symptoms (\>3 months), duration of HF symptoms \>1 year, left ventricular ejection fraction (EF) ≤35%, body mass index (BMI) \<35 kg/m^2^, nonsmoking status with a smoking history of \<15 pack years, and no medical diagnosis of chronic obstructive pulmonary disease or other pulmonary diseases (asthma, pulmonary fibrosis, cystic fibrosis, etc.), diabetes, or musculoskeletal diseases. Patients were treated with standard optimized medications for HF at the time of entry to the study.

All participants gave written informed consent after being provided a description of study requirements. This study was conducted in accordance with the Declaration of Helsinki and approved by the Mayo Clinic Institutional Review Board; all procedures followed institutional and Health Insurance Portability and Accountability Act (HIPAA) guidelines.

Measurement of pulmonary function
---------------------------------

All participants underwent spirometry evaluation including forced vital capacity (FVC) and assessment of forced expiratory volume in 1 second (FEV~1~). Participants also underwent assessment of the diffusing capacity of the lungs for carbon monoxide (DL~CO~) and measurement of alveolar volume (VA) using the single breath method. Spirometry and DL~CO~ measures were collected according to the American Thoracic Society (ATS) standards.[@b17-ccrpm-7-2013-035],[@b18-ccrpm-7-2013-035]

Statistical analysis
--------------------

All-cause mortality was determined using the Mayo Clinic death database as well as the United States Social Security Death Index. Due to the inherent limitations of these databases, all-cause mortality was used as the primary end point. Statistical analysis and graphic presentation were accomplished using SPSS (version 12.0, Chicago, IL) and GraphPad Prism (version 4.0, San Diego, CA). Kaplan-Meier analysis assessed survival characteristics of evenly distributed tertile expression of resting pulmonary function variables. The Mantel-Cox log-rank test determined statistical significance of the Kaplan-Meier analysis via chi-square analysis. When the log-rank test was significant, Bonferroni correction for multiple comparisons was applied. Significance was set at an alpha level of 0.05 for all comparisons. When the Bonferroni correction was applied, the alpha level was set at 0.017.

Results
=======

Population characteristics
--------------------------

The patient demographics, clinical characteristics, medications in use at the time of recruitment, and resting pulmonary function data are reported in [Table 1](#t1-ccrpm-7-2013-035){ref-type="table"}. The cohort consisted of predominantly male patients (65% male). By definition, these patients had a significantly reduced EF% and VO~2~ peak although the majority of patients were of moderate symptomology (66% New York Heart Association \[NYHA\] class I or II). The majority of these patients were prescribed angiotensin-converting enzyme (ACE) inhibitors, beta-blockers, digoxin, and diuretics, while only 11% of patients were prescribed angiotensin II receptor blockers. This cohort of stable HF patients presented with mild reductions in pulmonary function.

Heart failure mortality analysis
--------------------------------

There were 34 deaths and 11 heart transplants resulting in a total of 45 adverse events during the 67.1 ± 33.5 month follow-up period (range of follow-up = 1--114 months). This resulted in an annual event rate of 5.6%. All patients who did not suffer an adverse event were followed for a minimum of 36 months.

Resting pulmonary function predictors of survival in patients with heart failure
--------------------------------------------------------------------------------

[Figures 1](#f1-ccrpm-7-2013-035){ref-type="fig"}--[4](#f4-ccrpm-7-2013-035){ref-type="fig"} present the results of the Kaplan-Meier analysis for patients grouped by equally distributed tertiles of FVC, FEV~1~, DL~CO~, and VA, respectively. The results of the chi-square analysis suggested an overall log-rank value of 18.9 (*P* \< 0.001) for FVC, 17.3 (*P* \< 0.001) for FEV~1~, 11.0 (*P* = 0.003) for DL~CO~, and 8.5 (*P* = 0.01) for VA, respectively.

### Group 1

Patients with a FVC of \>96% predicted comprised 33.6% of the population and had 7 events resulting in an event-free survival of 84.4%. Patients with a FEV~1~ of \>94% predicted comprised 34.3% of the population and had 6 events resulting in 87.0% event-free survival. For DL~CO~, patients with \>90% predicted comprised 32.1% of the population and had 9 events resulting in 79.1% event-free survival. Finally, patients with an VA of \>97% predicted comprised approximately 34.3% of the population and had 9 events resulting in an event-free survival of 80.4%.

### Group 2

Patients presenting with a FVC between 96% and 81% predicted comprised 32.8% of the population and had 13 events resulting in 70.5% event-free survival. Similarly, patients with a FEV~1~ between 94% and 77% predicted comprised 31.3% of the population and had 14 events resulting in an event free survival of 66.7%. Patients with a DL~CO~ between 90% and 75% predicted comprised 35.1% of the population and had 14 events resulting in 70.2% event free survival. The patients with an VA between 97% and 87% predicted comprised 32.8% of the population and had 17 events resulting in an event free survival of 61.4%.

### Group 3

Patients with a FVC of \<81% predicted comprised 33.6% of the population and had 24 events resulting in an event-free survival of 46.7%. Similarly, patients with a FEV~1~ of \<77% predicted comprised 34.3% of the population and had 24 events resulting in 47.8% event-free survival. Patients with a DL~CO~ of \<75% predicted comprised 33.6% of the population and had 21 events resulting in 53.3% event-free survival whereas those with an VA of \<87% predicted comprised 32.8% of the population and had 19 events resulting in an event-free survival of 56.8%.

### Comparisons

For FVC, there was no significant difference between groups 1 and 2 for survival (*P* = 0.17); however, there were significant differences between groups 1 and 3 (*P* \< 0.001) as well as groups 2 and 3 (*P* = 0.008). When examining FEV~1~, there also was no difference between groups 1 and 2 (*P* = 0.03) or groups 2 and 3 (*P* = 0.05), whereas there was a significant difference between groups 1 and 3 (*P* \< 0.001). There was no difference between groups 1 and 2 (*P* = 0.13) or groups 2 and 3 (*P* = 0.09) for DL~CO~. There was, however, a significant difference between groups 1 and 3 (*P* = 0.002). The VA demonstrated a significant difference between groups 1 and 2 (*P* = 0.014) and groups 1 and 3 (*P* = 0.003); however, there was no difference between groups 2 and 3 (*P* = 0.70).

Discussion
==========

Primary findings
----------------

This study examined the utility of resting pulmonary function measures in predicting event-free survival in patients with HF. Our data suggest that resting measures of pulmonary function are useful markers of prognosis in a well-defined cohort of HF patients. Specifically, resting measures of FVC, FEV~1~, DL~CO~, and VA can be used to stratify prognosis and highlight the close interaction between the cardiac and pulmonary systems as it relates to HF prognosis.

Traditional predictors of mortality in heart failure
----------------------------------------------------

A number of studies have sought to determine the critical predictors of survival in the HF population.[@b19-ccrpm-7-2013-035] Initially, the majority of these predictors centered on measures of cardiac performance and functional capacity. Specifically, measures with well-established prognostic value include NYHA class,[@b20-ccrpm-7-2013-035] peak V̇O~2~,[@b21-ccrpm-7-2013-035] and left ventricular ejection fraction,[@b22-ccrpm-7-2013-035] although a number of emerging measures are becoming more prominent. Emerging measures have included heart rate recovery,[@b23-ccrpm-7-2013-035] ventilatory efficiency slope,[@b24-ccrpm-7-2013-035] and partial pressure of end-tidal carbon dioxide (P~ET~CO~2~) at rest and during exercise.[@b25-ccrpm-7-2013-035],[@b26-ccrpm-7-2013-035] In addition, a number of plasma markers have also been suggested to provide prognostic information in the HF population including norepinephrine,[@b27-ccrpm-7-2013-035] brain natriuretic peptide (BNP),[@b28-ccrpm-7-2013-035] and urea nitrogen.[@b29-ccrpm-7-2013-035] While limited cardiac function is clearly an initiating process, it is evident that HF becomes a systemic illness that impacts multiple organ systems. One system that is particularly influenced in the cascade of pathophysiology is the pulmonary system. The pulmonary and cardiac systems are intimately linked anatomically and hemodynamically, and, as such, changes in the cardiac system have profound effects on the pulmonary system. This creates a unique condition where the pulmonary system may be used as a window to assess the HF disease process.

Pulmonary system related predictors of mortality in heart failure
-----------------------------------------------------------------

Due to the close interactions between the pulmonary and cardiac systems, measures of pulmonary function may also provide novel, useful, and noninvasive measures of prognosis in patients with HF. Gas exchange measures such as diffusion capacity of the lungs for carbon monoxide and P~ET~CO~2~ have been shown to be effective predictors in heart failure and have been suggested for use in clinical settings.[@b26-ccrpm-7-2013-035],[@b30-ccrpm-7-2013-035],[@b31-ccrpm-7-2013-035] The ventilatory efficiency slope during exercise also has shown particular prognostic usefulness in heart failure patients.[@b32-ccrpm-7-2013-035] Altered breathing architecture such as exertional periodic breathing, periodicity of breathing during sleep, and the apnea-hypopnea index may also be significant factors predictive of heart failure disease status.[@b33-ccrpm-7-2013-035] Pulmonary function is closely related to cardiac function and the clinical understanding of its relevance to HF prognosis is rapidly becoming apparent.

Relationship between resting pulmonary function and morbidity and mortality
---------------------------------------------------------------------------

Previous studies have suggested that deterioration of pulmonary function in the general population is a useful indicator of prognosis.[@b34-ccrpm-7-2013-035]--[@b36-ccrpm-7-2013-035] Beaty and colleagues prospectively followed 2500 community dwelling individuals over 5 years and demonstrated that impairment of pulmonary function is a significant risk factor for both short- and long-term morbidity and mortality, independent of traditional risk factors.[@b36-ccrpm-7-2013-035] It is suggested that maladaptations of the pulmonary system not only contribute to morbidity and mortality independently, but also through specific pathogenic contributions to a number of nonrespiratory diseases.[@b36-ccrpm-7-2013-035] Not only is this true for the general population, but also for patients at risk for myocardial infarction and sudden death,[@b37-ccrpm-7-2013-035] those with obstructive airway disease,[@b38-ccrpm-7-2013-035] and those with lung cancer.[@b39-ccrpm-7-2013-035] Thus, it is apparent that detrimental changes in pulmonary function not only act as markers of underlying disease but also have the capacity to significantly and independently elevate an individuals risk for morbidity and mortality.

Alterations of pulmonary function in heart failure
--------------------------------------------------

A number of studies have demonstrated that patients with HF often develop significant pulmonary function abnormalities.[@b13-ccrpm-7-2013-035],[@b14-ccrpm-7-2013-035],[@b40-ccrpm-7-2013-035]--[@b43-ccrpm-7-2013-035] These changes range from relatively minimal dysfunction when compared with age- and height-predicted measures[@b44-ccrpm-7-2013-035] to more significant restrictive abnormalities,[@b45-ccrpm-7-2013-035] obstructive changes,[@b46-ccrpm-7-2013-035] and combined restrictive and obstructive alterations.[@b40-ccrpm-7-2013-035] Although the specific mechanisms leading to altered lung function in HF are not entirely clear, these changes have been attributed to neurohumoral changes.[@b11-ccrpm-7-2013-035],[@b12-ccrpm-7-2013-035],[@b47-ccrpm-7-2013-035] lung fluid imbalance,[@b12-ccrpm-7-2013-035] chronic pulmonary congestion and hypertension,[@b48-ccrpm-7-2013-035] respiratory muscle weakness,[@b11-ccrpm-7-2013-035] cardiomegaly,[@b13-ccrpm-7-2013-035],[@b14-ccrpm-7-2013-035] altered receptor function,[@b10-ccrpm-7-2013-035] and possibly inflammatory mediators.[@b49-ccrpm-7-2013-035] Despite the lack of clarity regarding the underlying mechanism(s), it is clear that changes in the pulmonary system reflect the disease severity of the HF patient. As such, the results of this study clearly demonstrate the utility of resting pulmonary function measures in stratifying risk for mortality in these patients.

In the general population, impaired pulmonary function, particularly reductions in FVC and FEV~1,~ have been shown to be predictive of mortality, especially in smokers and persons under the age of 70.[@b34-ccrpm-7-2013-035],[@b35-ccrpm-7-2013-035] In the healthy aging population, FEV~1~ and FVC are known to be progressively diminished with progressing age.[@b50-ccrpm-7-2013-035],[@b51-ccrpm-7-2013-035] However, these studies did not include DL~CO~ and VA in their analyses. Moreover, Sorlie and colleagues demonstrated that dyspnea, commonly associated with reduced pulmonary function in patients with HF, is also associated with mortality.[@b35-ccrpm-7-2013-035] However these seminal studies did not indicate HF as a study subset within their population. Our study consisted of a relatively homogeneous group of HF patients with patients excluded for morbid obesity, extensive smoking history, and heart rhythm abnormalities. As such, it may be warranted to include a more heterogeneous and larger cohort of patients in follow-up stidues.

Clinical implications and study limitations
-------------------------------------------

Our results suggest that in patients with stable heart failure of duration \>1 year pulmonary function measures significantly predict mortality. These results are specific to HF patients who present without other significant comorbidities such as preexisting COPD, asthma, diabetes, or other diseases that may influence pulmonary function. As such, these results should be seen as a key step in understanding the influence of HF on pulmonary function and its implications for survival. Importantly, the inclusion criteria for this study were narrow to ensure patients with significant comorbidities were not included. As such, these findings are only generalizable to the cohort studied. Future studies might include wider inclusion criteria with a more heterogenous HF population, which would permit the study of how multiple comorbidities influenced the impact of pulmonary function measures to predict mortality.

Conclusion
==========

The results of this study demonstrate that classical measures of lung function are useful in predicting prognosis in patients with HF. In particular, both the FVC and FEV~1~ demonstrated the strongest relationship with event-free survival; however DL~CO~ and V~A~ also appear to be important prognostic markers.
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###### 

Participant characteristics.

  ---------------------------------------------------------------
  Demographics                     Mean ± SD
  -------------------------------- ------------------------------
  Number                           134

  Male/female                      83/51

  Age (yr)                         55 ± 12

  Height (cm)                      172.7 ± 9.9

  Weight (kg)                      84.8 ± 17.2

  BMI (kg/m^2^)                    28.3 ± 4.6

  Body fat (%)                     27.1 ± 6.8

  Smoking Hx (pack yrs)            4.4 ± 10.0

  Exercise Hx (min/wk)             72.2 ± 95.8

  **Clinical characteristics**     

  EF (%)                           28.8 ± 11.3

  Peak VO~2~ (mL/kg/min)           19.0 ± 6.2

  NYHA class                       class I = 45 (34)\
                                   class II = 43 (32)\
                                   class III = 35 (26)\
                                   class IV = 11 (8)

  **Medications**                  **Number (% of population)**

                                   

  ACE inhibitor                    98 (74)

  AII receptor blocker             15 (11)

  Beta-blocker                     100 (76)

  Digoxin                          86 (65)

  Diuretic                         89 (67)

  **Resting pulmonary function**   **Mean ± SD (Range)**

                                   

  FVC (L)                          3.71 ± 1.12 (1.4--7.8)

   %pred                           86.7 ± 17.4 (41--134)

  FEV~1~ (L/sec)                   2.88 ± 0.89 (1.1--5.8)

   %pred                           84.5 ± 18.6 (39--124)

  DL~CO~ (mL/min/mmHg)             22.28 ± 5.70 (10.2--36.2)

   %pred                           82.7 ± 16.5 (46--122)

  VA (L)                           5.58 ± 1.31 (3.1--9.0)

   %pred                           90.6 ± 13.8 (55--125)
  ---------------------------------------------------------------

**Abbreviations:** BMI, body mass index; BF, body fat; EF, left ventricular ejection fraction; NYHA, New York Heart Association; VO~2~, volume of oxygen consumed; ACE, angiotensin converting enzyme; AII, angiotensin II.
